It is evident that the symptoms of Alzheimer's disease (AD) are derived from severe neuronal damage, and especially pyramidal neurons in the hippocampus are affected pathologically. Here, we analysed the proteome of hippocampal neurons, isolated from post-mortem brains by laser capture microdissection. By using 18 O labelling and mass spectrometry, the relative expression levels of 150 proteins in AD and controls were estimated. Many of the identified proteins are involved in transcription and nucleotide binding, glycolysis, heatshock response, microtubule stabilization, axonal transport or inflammation. The proteins showing the most altered expression in AD were selected for immunohistochemical analysis. These analyses confirmed the altered expression levels, and showed in many AD cases a pathological pattern. For comparison, we also analysed hippocampal sections by Western blot. The expression levels found by this method showed poor correlation with the neuron-specific analysis. Hence, we conclude that cell-specific proteome analysis reveals differences in the proteome that cannot be detected by bulk analysis.
Introduction
Alzheimer's disease is characterized by the presence of senile plaques and neurofibrillary tangles, and a loss of synapses and neurons that ultimately lead to brain atrophy [1] [2] [3] . The neurofibrillary tangles are detected in the cornu ammonis 1 (CA1) region of hippocampus already at an early stage of AD or mild cognitive impairment [4] , and their appearance is followed by neuronal loss with mild A␤ plaque burden compared to other cortex regions. The pathogenesis in AD is not fully understood, but has been proposed to include amyloid ␤-peptide (A␤) induced toxicity, tangle formation, excitotoxicity of neurons, oxidative stress and inflammation. We reasoned that investigating alterations in the protein expression in cells associated with AD would give further insight in the mechanisms behind AD.
The gene chip or microarray analysis is now a commonly used technique for transcriptome analysis. However, there is no linear relationship between gene expression and protein levels [5] , and analysis of protein levels gives a more direct correlation to phenomena at a cellular or organ level. There are some reports based on proteome analysis using pieces of brain tissue [6, 7] . However, such samples contain a variety of cell types and extracellular proteins, and neuron-specific alterations cannot be observed by this approach. As an alternative to this bulk analysis, the laser capture microdissection (LCM) technique can be used to specifically isolate neurons from brain tissue [8] . For the unbiased identification of proteins, mass spectrometry (MS) is an excellent technique. Because of recent advancements in sensitivity and resolution power of MS, it is now possible to analyse the proteome of selected neurons captured by LCM from post-mortem human brain. However, MS analysis is not inherently quantitative, and to overcome this issue, differential stable isotope labelling methods have been developed. For instance, the 18 O labelling technique results in the incorporation of two 18 O atoms in the peptides obtained after proteolytic digestion of the sample. Here, we combine LCM and 18 O labelling to identify and compare the expression levels of 150 proteins in CA1 pyramidal neurons from post-mortem AD and control brains. To further study the most differently expressed proteins at a cellular level, we performed immunohistochemistry (IHC) and compared qualitative alterations and pathological changes in hippocampal sections from AD and control brains.
Materials and methods

Brain samples
All brain materials were obtained from the Huddinge Brain Bank at Karolinska Institutet Alzheimer Disease Research Center and stored at Ϫ80ЊC before use. All AD subjects, which were sporadic cases, met the criteria for definitive AD according to the Consortium to Establish a Registry for AD [9, 10] . The control subjects had no known symptoms of neurological or psychiatric disorders. Hippocampal cryosections were used for proteome analysis, and formalin fixed and paraffin embedded sections were used for IHC. We included six sporadic AD and six control cases. F-test showed equal variance, and Student's t-test (two-tailed) was used for a statistical analysis. There were no statistical differences between control and sporadic AD cases in terms of mean age at death and mean post-mortem intervals (Table 1) . This study was approved by the Regional Ethical Committee at Karolinska Institutet.
O labelling efficacy
In a pilot study we investigated the labelling efficacy of 18 O using one sample prepared from the CA1 region in hippocampus of case 9 (sporadic AD case) in Table 1 . The hippocampal cryosections were mounted on polyethylene naphthalate membrane-covered slide glasses (Carl Zeiss AG, Oberkochen, Germany), fixed in ethanol and Nisslstained. We dissected the CA1 region (95 g), together with the polyethylene naphthalate membrane from the slide glass, from the surrounding tissue by using a microscope and a needle. After addition of 20 l of 360 mM ammonium bicarbonate (Ambic) containing 4 mM CaCl2, 8 l of 1% RapiGest SF (Waters Corporation, Milford, MA, USA) and 50 l of Milli-Q water into the tube, the sample was sonicated for 5 min. and incubated at 95ЊC for 5 min. After cooling, 2 g of trypsin (Trypsin Gold, Promega Corporation, WI, USA) was added and the sample was digested for 18 hrs. Three microlitres of HCl was added, and the sample was centrifuged at 13,000 r.p.m. for 10 min. to remove the hydrophobic debris from hydrolysed RapiGest SF. The peptides in the clear supernatant were concentrated by using a ZipTipC18 (Millipore, MA, USA) according to the instruction manual. Peptides were eluted from the ZipTipC18 by 80% CH3CN/0.3% formic acid, and the solvent was Three microlitres of the sample was injected onto the enrichment column (160 nl) and separated on a 150 mm ϫ 75 m analytical column packed with 5 m Zorbax 300SB-C18. The peptides were eluted at a flow rate of 200 nl/min. by a gradient supplemented with 0.1% formic acid: from 3% to 26% CH3CN in 184 min. and from 26% to 36% CH3CN in 40 min. Mass spectra were recorded from m/z 230 to m/z 1,800. The peptide identification was performed by Mascot software version 2.2 (Matrix Science, Tokyo, Japan) and the Swiss-Prot database (release 55).
Isolation of CA1 pyramidal neurons and sample preparation
The protocol for LCM was described previously [8] . Briefly, after fixation in ethanol, the sections (10 m in thickness) were mounted on polyethylene naphthalate membrane-covered slide glasses (Carl Zeiss AG) and Nissl stained. The cryosections were stained in pale blue, because intense staining absorbs too much of the laser energy. Glial cells were morphologically distinguished from neurons and carefully excluded from dissection. By using the Laser Microbeam System (Carl Zeiss AG), 2000 of CA1 pyramidal neurons per case (six AD and six controls) were catapulted into LPC-Microfuge tube caps (PALM tube, Carl Zeiss AG), which contained Milli-Q water. Thus, we captured 12,000 neurons from each group. The captured neurons were recovered at the bottom of a PALM tube after centrifugation. Following the addition of 1 l of 0.5% RapiGest SF, endogenous proteases in samples were heat-inactivated by incubation at 95ЊC for 90 min. After rapid cooling on ice, water was removed by using a spin-vacuum system. Two microlitres of 360 mM Ambic containing 4 mM CaCl2, 1 l of 1% RapiGest SF and 5 l of Milli-Q water were added, and the samples were then sonicated (bath-type) for 5 min. The AD samples were pooled in one tube and the controls in another, and the total amount of protein was determined by FluoroProfile Protein Quantification Kit (Sigma-Aldrich, Inc.). Each tube contained 96 l of the material derived from six AD and six control cases, respectively (12,000 neurons/tube). To cleave the proteins, 3 l of 0.1 mg/ml trypsin was added to each tube, and the samples were incubated at 37ЊC for 24 hrs. The trypsin cleavage was confirmed by SDS-PAGE (4-12% Bis-Tris gels; Invitrogen, Carlsbad, CA, USA) and silver staining (GE Healthcare UK Ltd., NA, UK). RapiGest SF was removed and the tryptic peptides were recovered as described earlier. For comparison of the proteome from AD with control, the AD sample was labelled with H2 18 O as described earlier, while the control sample was treated with ordinary water (H2 16 O).
Proteome analysis of microdissected neurons
For protein identification and to obtain the ratios of the proteins identified in AD and control samples, an LTQ-Orbitrap mass spectrometer (ThermoFisher, CA, USA) was used. Equal amounts of AD and control samples were mixed, and 20 l of the mixture was injected into a Paradigm MS4 (Michrom Bioresource, CA, USA) with an analytical column (Zorbax 300SB, 0.1 ϫ 150 mm Agilent Technologies). In total, the sample was injected five times. The mobile phases consisted of 0.1% acetic acid in water (mobile phase A) and 0.1% acetic acid in methanol (mobile phase B). After sample injection, the column was washed for 5 min. with mobile phase A, and peptides were eluted at 500 nl/min using a linear gradient from 5% to 75% mobile phase B in 90 min., and then to 95% B in 10 min. The capillary high-performance liquid chromatography system was coupled to the LTQ-Orbitrap mass spectrometer using a nano-electrospray ionization source (Protana, Odense, Denmark 18 O labelling (C-term) and oxidation of methionine as variable modifications. All results were combined together using Xome software, and filtered by the peptide score (Ͼ25) and the significance threshold P Ͻ 0.05. Then, the MS peak heights from 18 O labelled peptide were divided by those from unlabelled peptides.
The relative expression of each protein was calculated as the average of ratios ( 18 O versus 16 O MS peak height) of the peptides that were identified from the five injections.
Immunohistochemistry
Immunohistochemistry was performed on 7 m-thick sections cut from formaldehyde fixed and paraffin embedded tissues. After the dewaxing and rehydration process, for detection of proteins except A␤ peptides and phosphorylated tau (p-tau, phosphorylation at Ser 202), the sections were treated in a pressure cooker for 25 min. using an antigen retrieval solution (Diva Decloaker BIOCARE MEDICAL, CA, USA). For the detection of A␤ (and also C99 and APP) by using 6E10 antibody (anti-A␤1-16 monoclonal antibody; COVANCE, NJ, USA), the sections were treated with 99% formic acid for 5 min. The background was reduced by using 3% goat serum (Abcam Inc., MA, USA) in Trisbuffered saline, pH 7.6 or Protein Block Serum-Free (Dako Denmark A/S, Glostrup, Denmark). The sections were incubated at 4ЊC overnight with each antibody shown in Table S1 , and washed with Tris-buffered saline. To detect proteins, except LRP1 and NCF4, sections were treated with secondary biotinylated goat anti-rabbit or antimouse IgG (Vector Laboratories, Burlingame, CA, USA) at 1:300 for 1 hr at room temperature. Then, the sections were treated with Vectastain Elite ABC kit (Vector Laboratories) and visualized by addition of 3-3-diaminobenzidine-4 HCl (DAB/H2O2). For the detection of LRP1 and NCF4, we used DAB/H2O2, and MACH 3 Mouse and Rabbit HRP Polymer detection system (BIOCARE MEDICAL), respectively. All sections were counterstained with haematoxylin. The antibodies and staining conditions are summarized in Table S1 .
Western blot analysis of hippocampal CA1 region
The CA1 region of hippocampal sections was isolated as described earlier (see the preparation of CA1 regions from hippocampus under ' 18 O labelling efficacy'), dissolved in RIPA buffer and sonicated. SDS sample buffer (LDS sample buffer; Invitrogen Corporation, CA, USA) was added to the samples, and they were loaded onto an SDS-PAGE gel (4-12%; Invitrogen). In each lane, 29 g of protein was loaded. MagicMark XP standard was used as a molecular weight marker (Invitrogen). For blotting, we used PVDF membranes (Invitrogen) and a Mini Trans-Blot system (Bio-Rad Laboratories, CA, USA) with 25 mM Tris, 192 mM glycine and 10% (v/v) methanol, pH 8.3 as a transfer buffer. The blocking of membrane was performed by 1 hr incubation in 5% (w/v) non-fat dry milk in PBS containing 0.1% Tween-20 (PBST) at room temperature. Probing for carboxyl-terminal PDZ ligand of neuronal nitric oxide synthase protein (CAPON) with antibody sc-9138 (Santa Cruz Biotechnology, Inc., CA, USA) was performed at a dilution of 1/1000 in PBST containing 5% (w/v) BSA for 20 hrs at 4ЊC. The membranes were incubated with horseradish peroxidase-linked goat-anti-rabbit IgG (1/50,000; GE Healthcare UK Ltd.) in 5% (w/v) non-fat dry milk in PBST for 1 hr at room temperature. The detection of CAPON was achieved by using SuperSignal ® West Dura (Thermo Fisher Scientific, IL, USA).
Results
Evaluation of 18 O labelling efficacy
For accurate quantification, efficient and reproducible labelling is necessary. We evaluated the labelling by using a test sample prepared from the CA1 region of hippocampus. The sample was digested and labelled by trypsin in H2 18 O, concentrated and desalted by using a ZipTipC18 and injected into the LC-MS system. There was a large peak from the double-labelled peptide ( Since, in quantitative proteome analysis, the 18 O labelled and the non-labelled samples are mixed before analysis, it is important to control the carboxyl oxygen exchange reaction (back reaction) catalysed by trypsin or low pH [11] . Otherwise, there will be a decrease in labelled peptides over time. We heat-inactivated the sample, followed the back-reaction and found that the percentage of double-labelled peptide within 5 hrs was acceptable for our purpose ( Fig. S1A and B).
Quantitative proteome analysis of microdissected pyramidal neurons from human hippocampus
We wanted to compare, between AD cases and controls, the proteome of neurons that were viable before the death of the patients.
Therefore, we captured Nissl positive pyramidal neurons by LCM, labelled the AD sample by 18 O and analysed the sample by an LTQOrbitrap mass spectrometer. The amount of protein from 12,000 neurons was 15 g in the AD sample as well as in the control tube (59 l/tube). Equal volumes (10 l) of the AD and control sample were mixed and injected into the LC-MS system. Hence the amount of total proteins in a single injection was 5 g. In total, 150 proteins were identified by MS/MS, and the relative expression of those (AD/control) was calculated based on MS peak height (Table S2 ). Many of these proteins were found to be downregulated in AD, but there were also those that were up-regulated.
The most up-regulated and down-regulated proteins are presented in Table 2 and 3, respectively. Most notably, the expression level of ecto-ADP-ribosyltransferase 4 (NAR4) was increased around 29 times compared to the control (Table 2 ). Most proteins identified were non-transmembrane proteins, but also some membrane bound proteins were detected. We found many different categories of proteins such as transcriptionrelated proteins (cyclin-D-binding Myb-like transcription factor 1, mediator of RNA polymerase II transcription subunit 24, tumour suppressor p53-binding protein 1 (TP53B) and putative Polycomb group protein ASXL3) to be up-regulated in AD, while BCL-6 corepressor, NF-B-repressing factor (NKRF) and mediator of RNA polymerase II transcription subunit 6 were down-regulated in AD (Tables 2 and 3 ). Many DNA-or RNA-binding proteins were also found to be decreased in AD (putative heterogeneous nuclear ribonucleoprotein A1-like protein 3, nucleolar and spindle-associated protein 1 and heterogeneous nuclear ribonucleoprotein A3; Table S2 ). There are some reports suggesting that the glycolysis is disrupted in neurons in AD brains [7, 12] . In line with this notion, there were some glycolysis-related proteins among the down-regulated proteins in AD, such as pyruvate kinase isozymes M1/M2, gammaenolase (ENOG), fructose-bisphosphate aldolase A (ALDOA) and fructose-bisphosphate aldolase C (ALDOC). Interestingly, glyceraldehyde-3-phosphate dehydrogenase (G3P), which is involved in glycolysis and thought to be present at a constant level in cells, was up-regulated in AD (Tables 3 and S2) .
There is a high amount of tangles, which consist of p-tau, in the hippocampus of severe AD cases. Because p-tau can accelerate breakdown of microtubules into tubulin dimers, we expected decreased levels of tubulin in AD due to a decreased amount of microtubules. Interestingly, however, the levels of four of five tubulin proteins (tubulin ␣-1A chain, tubulin ␤-2A chain, tubulin ␣ chain-like 3, tubulin ␤-3 chain and tubulin ␤-2C) were found to be unchanged or slightly increased in AD (Table S2) . Kinesin proteins are known to act as motor proteins and are involved in axonal transport. We detected a decrease in three kinesin-like proteins: KIF12, KIF26B and KIF27 (Tables 3 and S2 ). Not only axonal transport but also intracellular transport as well as the release and uptake at the synapses are disturbed in AD brains. Interestingly, we found exocyst complex component 6 involved in docking of exocytic vesicles, and syntaxin-1B (STX1B) and synaptosomalassociated protein 25 (SNP25), which have a role in synaptic vesicle exocytosis, to be down-regulated in AD (Tables 3 and S2) . It has been reported that oxidative and nitrosative damage can cause neuronal death in AD. Here, we identified neutrophil cytosolic factor 4 (NCF4), which may be involved in overproduction of reactive oxygen species, as one of the up-regulated proteins (Table 2) . Previous reports suggest that the neuronal form of nitric oxide synthase (nNOS) is up-regulated in hippocampal pyramidal neurons in AD [13, 14] . Here, we found the CAPON, which is an adaptor protein to nNOS, to be up-regulated in AD (Table 2) .
Immunohistochemical studies of proteins with altered expression Selection of proteins for IHC studies
Based on the protein expression ratios (AD/control) and availability of antibodies, 23 proteins were selected for further studies by IHC. Fifteen of the selected, commercially available, antibodies were found suitable for IHC. Seven of the selected proteins showed similar expression patterns in AD and controls. The alteration in expression, as analysed by MS, was for all of these proteins less than twice, suggesting that it may be difficult to detect such differences by IHC. Hence, antibodies against the remaining eight proteins were used for the studies below. The background derived from the secondary antibody was in all cases undetectable (data not shown), and the experimental conditions are summarized in Table S1 .
Estimation of amyloid load and neurofibrillary tangles (p-tau) in hippocampal sections
We assayed sections from all cases used for LCM, and detected amyloid plaques (6E10 immunoreactivity) as well as p-tau (AT-8 Fig. S2B and D) . Neither amyloid plaques nor p-tau was detected in CA1 of the control cases ( Fig. S2A and C) .
Pathologically changed expression pattern of S100-B protein (S100B)
In the control case, S100B was specifically expressed in astrocytes and oligodendrocytes ( Fig. 2A) . In AD cases, the immunoreactivity of S100B in astrocytes was increased as compared to the control case ( Fig. 2A-C) . S100B immunoreactivity was observed also in endothelial cells in capillaries. However, in one AD case, we detected immunoreactivity not only in glial cells but also in some pyramidal neurons (Fig. 2B , case number 9). We found another AD case to have a high intraneuronal expression of S100B (Fig. 2C , case number 8). In this case, some neurons lacked nuclear structure, suggesting that S100B could be involved in severe neurodegeneration and tangle formation.
NKRF, TP53B and the low-density lipoprotein-related protein 1 (LRP1) accumulate in the nucleus
The expression of NKRF was detected only in pyramidal neurons, and was predominantly limited to the nucleolus with weak positivity in the nucleoplasm and perinuclear membrane in the control case (Fig. 3A) . Although intense staining was detectable in the nucleolus in the AD case, the perinuclear and nucleoplasm staining was weaker than in the controls (Fig. 3B) . The expression level in CA1 pyramidal neurons was clearly higher than in pyramidal neurons in CA3 and cortex (data not shown). The MS analysis indicated that the expression of TP53B, which can bind to the tumour suppressor protein p53, was increased in AD. In the control case, the staining was barely detected in the nuclei of CA1 pyramidal neurons (Fig. 3C) . On the other hand, pyramidal neurons and oligodendrocytes from the AD case showed intense nuclear staining, and cells (mostly neurons) in stratum granulosum in gyrus dentatus showed very strong staining in their nucleus (Fig. 3F ) compared to the control case (Fig. 3E) . Moreover, in the gyrus dentatus in Figure 3F , it was suggested that nuclear staining in astrocytes was weaker than in neurons.
The weak immunoreactivity of LRP1 was diffusely spread throughout the neurons in the controls, and clear staining was detected in the nuclear membrane but rarely at the plasma membrane (Fig. 3G) . Interestingly, a condensed signal from the cell body and the nucleus, suggesting neurodegeneration, was detected in neurons from the AD case (Fig. 3H) . The most intense signal was detected in neurons having a tangle-like shape and condensed immunoreactivity in the nucleus, suggesting severe insult or neurodegeneration.
Proteins involved in oxidative and nitrosative damage: NCF4 and CAPON NCF4 was by MS analysis found to be up-regulated in AD. Immunohistochemistry showed high expression in blood cells (possibly monocytes) in the control case, while the neurons were weakly stained (Fig. 4A) . In contrast, the pyramidal neurons from the AD case showed more intense, mostly cytoplasmic, staining (Fig. 4B) . Interestingly, in this AD case, there was pathognomonic positivity in the extraneuronal space. We found another AD case, in which heavy staining was detected not only in neurons but also in the extraneuronal space (Fig. 4C , case number 10). To investigate whether the immunoreactivity in the area around neurons (Fig. 4B and C) was derived from microglia, an antibody directed to a microglia marker was used (Table S1 ). Similar morphology as in Figure 4C was observed (Fig. 4E) , suggesting that NCF4 is up-regulated also microglia in AD. Furthermore, in case number 10 ( Fig. 4C) , strong nuclear staining of NCF4 was detected.
CAPON is likely to be ubiquitously expressed, and highly expressed in some parts of the brain [15] . CAPON was weakly expressed in pyramidal neurons and oligodendrocytes in the control case (Fig. 4F) , while in the AD case, CAPON was upregulated not only in neurons but also in oligodendrocytes and in capillaries (Fig. 4G) . Interestingly, the expression of CAPON was not increased in all neurons, but dramatically up-regulated in some neurons (Fig. 4G, inset) . 
Novel proteins: NAR4 and uncharacterized protein C14orf145 (CN145)
By MS analysis, we found some proteins that are not fully investigated by now. NAR4 is predicted to be a member of the ADP ribosyltransferase gene family according to the primary amino acid sequence, and to be expressed at the erythrocyte membrane. In the proteome analysis, NAR4 was found to be extremely up-regulated in hippocampal neurons from AD. Dense immunoreactivity was observed in neurons as well as in the extracellular space of the AD case (Fig. 5B) . The increased staining of the extracellular space might suggest an increased cleavage and secretion of NAR4 from neurons in AD. The strongest immunoreactivity was detected in neurons with a tangle-like shape, indicating that up-regulation of NAR4 in CA1 neurons may correlate with tangle formation. Furthermore, we could detect an intense signal in blood cells in the AD case (arrow heads in Fig. 5B) .
The intracellular distribution of CN145 has not been fully reported by now. The expression of CN145 was neuron specific (Fig. 5C and D) , and in the control case, a more intense and distinct signal was observed in the cell body and possibly in apical dendrites. Interestingly, the staining pattern in the AD case was completely altered into a diffused pattern with weak and perinuclear staining (Fig. 5D, inset) , suggesting a shift in compartmentalization. To explore whether the intraneuronal staining was associated with mitochondria or Golgi apparatus, we stained the section with the appropriate markers. However, the immunoreactivity was morphologically quite different (data not shown).
Western blot analysis of CAPON in hippocampal sections
By MS analysis, a tryptic peptide from the long form of CAPON (CAPON-L) was identified and found to be increased in AD (Table 2) , and a more intense CAPON staining in the AD case than in the control was observed by IHC ( Fig. 5A and B) . Because the antibody used in IHC can detect both the long and the short form of CAPON (CAPON-S), we cannot distinguish between them. For comparison, we analysed homogenized hippocampal sections by using Western blot. Both forms of CAPON were detected, the longer form being more abundant. Contrary to LCM-MS analysis, the levels of CAPON were lower in most AD cases compared to controls (Fig. 6) . Apparently, the neuron-specific increase in CAPON expression escapes detection due to the presence of extraneuronal tissue. Thus, there is a significant advantage of neuronal analysis by LCM-MS compared to bulk analysis by Western blot.
Discussion
To the best of our knowledge, there is today no report on neuron-specific proteome analysis by MS. Here, we employed the 18 O labelling technique for finding proteins that are up-or down-regulated in hippocampal pyramidal neurons in AD compared to control cases. In our preliminary experiment using 2000 neurons per tube, we lost almost all proteins during the sample preparation. Therefore, to obtain sufficient material for MS analysis, the amount of neurons captured by LCM was increased to 12,000 neurons/tube, corresponding to 15 g of protein/tube. To get accurate values from the 18 O labelled proteome, it is significant that the efficacy of labelling is high and stable. Hence, we optimized the labelling protocol. The labelling reaction by trypsin was reported to be a double step [16] . Hajkova et al. demonstrated the pH dependency of the labelling reaction, in which the pH above 8 was favourable for proteolytic cleavage of a peptide bond (first reaction), and the optimal pH was round 6 for carboxyl oxygen exchange (second reaction) [17] . Thus, we used Ambic and sodium acetate buffers for the cleavage and the labelling step, respectively. Because the percentage of H2 18 O in the labelling step was 98% and the labelling process by trypsin results in the incorporation of two oxygen atoms, the theoretical maximum percentage of a double-labelled peptide is around 96% (0.98 2 ). Therefore, the theoretical ratio of non-labelled/double-labelled peptide is 0.042 (2 2 /96). Because the observed mean ratio, 0.047 (Fig. 1B) , was close to the theoretical value, we concluded that the labelling reaction completed adequately. Furthermore, after efficient heat inactivation of the tryptic activity, the labelling was found to be sufficiently stable over time for reliable analysis ( Fig. S1A and B) . A high sensitivity and a high-resolution power are critical in quantitative proteome analysis. Here, we employed the LTQ-Orbitrap MS system, which has an excellent resolution power, and the Xome software for quantification. Finally, we identified and quantified 150 proteins (Table S2) . Many of the proteins we found are involved in glycolysis (ENOA, ENOG, ALDOA, ALDOC and G3P). There are now several evidences suggesting that glucose metabolism is disrupted in AD brains [18, 19] . A down-regulation of these proteins may suggest an interference of glucose utilization in AD brains. In line with our findings, Brooks et al. reported that the mRNA expression levels of ENOA, ENOG, ALDOA and ALDOC were decreased in AD. On the other hand, we found an increased level of G3P, while Brooks et al. observed the reduced mRNA level [20] . In previous work on hippocampal proteome analysis using brain tissue blocks, fructose bisphosphate aldolase was found to be up-regulated significantly [7] , while we found it to be down-regulated. The discrepancies mentioned earlier could be due to the different materials (tissue block or neuronal samples, the stage of AD), analytes (mRNA or proteins) or a combination of these. Intracellular, including axonal, transport is disturbed in AD brains, suggesting an impaired transport by kinesin [21] . Here we detected reduced levels of the kinesin related proteins (KI26B, KIF12 and KIF27), and suggest that these reductions may contribute the transport impairments in AD. Furthermore, we confirmed that SNP25 and STX1B are down-regulated in AD, implying a disruption of synapses.
Great care was taken during the microdissection step to avoid contamination from extraneuronal tissue, and there were several neuron-specific markers, for example ␤-Tubulin III, neurofilament (light chain and heavy chain), ENOG and tyrosine hydroxylase, among the proteins we identified (Table S2) . Still, some of the proteins we found, haemoglobin and albumin, could possibly be due to contamination from blood. Another group of proteins, metallothionein-3 (MT3), glial fibrillary acidic protein (GFAP) and S100B, are not highly expressed in neurons. Although these proteins could come from contaminating fragments of glial cells, we suggest that they are truly expressed in neurons. One general explanation for the identification of 'non-neuronal' proteins in our sample is the extremely high sensitivity of MS analysis compared to ordinary immunohistochemical analysis. For instance, we could detect NCF4 by MS analysis but not by IHC using the ABC detection system. Only by using a highly sensitive IHC method (MACH 3 HRP Polymer detection system) it was possible to observe NCF4. Regarding MT-3, there are some studies with widely varying conclusions on the expression levels [22, 23] . In our MS analysis, MT-3 was detected both in the control and in the AD sample with a high peptide score, and the expression was found to be decreased in AD. In line with our observation, Yu et al. reported that MT-3 was mainly expressed in neurons and glial cells in temporal cortex from control cases, and that the levels were decreased in AD [24] . Glial fibrillary acidic protein has been considered to be a highly specific marker for astrocytes, but its expression in neurons in hippocampus in AD has been reported [25] . These pathological changes in the expression pattern of GFAP are consistent with our MS data, in which GFAP was identified to be up-regulated in AD. Although S100B is considered to be a mostly astrocytic protein, some previous work also suggest the neuronal expression of S100B [26] . In the control case, the expression of S100B was by IHC found to be limited to astrocytes in the hippocampus (Fig. 2A) . However, three out of six AD cases presented intraneuronal S100B positivity. Figure 2B and C are most typical results of neuronal expression. For MS analysis, we pooled all neurons from six AD cases into one tube, and thus, the ratio of AD/control is an average of all cases. Hence, S100B positive neurons such as those represented in Figure 2B and C might contribute to the increased ratio of S100B in AD in the MS analysis. Furthermore, the positivity of S100B in AD cases was seen not only in cytoplasm but also in the nucleus, underscoring the possibility of S100B to have a role as a transcription factor [27] . Thus, the up-regulation of S100B expression may suggest a compensatory mechanism in response to insults in AD. As expected, NKRF ( Fig. 3A and B) and TP53B ( Fig. 3D) were detected in the nucleus. Our IHC analysis suggested that the expression of NKRF was highly enriched in nucleoli, and a small fraction of NKRF was present in the nucleoplasm (Fig. 3A) . This distribution in the nucleus is completely consistent with a previous report [28] . The IHC analysis, as well as MS data, indicated a decreased level of NKRF in the AD case ( Fig. 3B and Table 2 ), especially in the nucleoplasm. This reduction of NKRF may suggest an activated stage of NF-B transcription, since NKRF is a transcription factor that interacts with specific negative regulatory elements to mediate transcriptional repression of NF-kappa-B responsive gene such as inducible nitric-oxide synthase [29] . TP53B is proposed to function as a transcriptional co-activator of the p53 tumour suppressor [30] . In the AD case, there was a strong positivity in the nucleus of CA1 neurons and granule cells in gyrus dentatus ( Fig. 3D and F) , while no staining of neurons was found in the control case (Fig. 3C and D) , indicating that the up-regulation of TP53B in AD is a pathological change. Recently it was reported that TP53B is recruited to the sites of DNA damage [31] . Thus, the increase of TP53B may indicate the severe DNA damage of CA1 neurons and granule cells in gyrus dentatus, in which the neurodegeneration is unrelated to tangle formation [32] . Moreover, since p53 is known to be involved in apoptosis, the up-regulation of TP53B may suggest activation of apoptosis in AD [33] .
The immunoreactivity raised from the LRP1 antibody was also detected in the nucleus of neurons in AD (Fig. 3H) . This antibody was produced by using full length LRP1 as the antigen, and the epitope has not been determined. Possibly, it can detect the intracellular domain of LRP1 (LRP-ICD), which can be cleaved from the full length form by ␥-secretase [34] , and translocated into nucleus. There is no major evidence for an increased ␥-secretase dependent A␤ production in sporadic AD. However, the nuclear accumulation of LRP1-ICD may reflect an increased ␥-secretase activity on LRP1 in AD. Recently it was reported that LRP1-ICD attenuates the inflammatory response evoked by LPS [35] , suggesting a possible role for LRP1-ICD in response to inflammation in AD.
The NPXY motif in the cytoplasmic tail of LRP1 can interact with the PTB domain of CAPON [36] . Interestingly, both LRP1 and CAPON, were up-regulated in the AD sample in the MS analysis. Originally, CAPON was identified as an nNOS-binding protein [15] . Recently, several functional roles of CAPON were described, and especially CAPON-S was shown to be functionally involved in cardiac repolarization [37] . Both forms of CAPON affect the number of dendrites, while only CAPON-L is involved in dendrite outgrowth and branching [38] . In our IHC study, the CAPON level was increased in pyramidal neurons from the AD case (Fig. 4G) . Since the CAPON antibody detects both CAPON-S and CAPON-L, it is not possible to differentiate the two isoforms by IHC. However, MS analysis showed that a sequence unique for CAPON-L (VEIVAAMR) was up-regulated in AD, and Western blot analysis revealed that CAPON-L is the dominating isoform in the CA1 region. Together these results suggest that CAPON-L was increased in hippocampus CA1 region in AD patients. Furthermore, stimulation of NMDA receptors activates a brainenriched member of the Ras family of small monomeric G proteins (Dexras1), which induces iron uptake, through the interaction with nNOS-CAPON complex. Hence, the up-regulation of CAPON can lead to iron-induced neurotoxicity via the NMDA receptor signalling cascade [39] . Consequently, increased CAPON levels in AD may contribute to the alteration of the number and/or morphology of dendrites, and enhance neurotoxicity. The intracellular punctiform staining observed in the AD cases indicates that CAPON accumulates in the site of granulovacuolar degeneration in pathologically affected neurons.
NCF4 is one of the components in the NADPH oxidase complex, and contributes to the production of superoxide [40, 41] . In hippocampus from mice, NCF4 was analysed by in situ hybridization and found to be expressed at low levels in CA1 pyramidal neurons and granule cells of the dentate gyrus [42] . In line with these data, we could not detect any signal from NCF4 with the ABC-DAB method. However, by using the MACH3 system (highsensitive method), we could observe immunoreactivity in CA1 pyramidal neurons (Table S1) . NADPH oxidase has a role in host defense, and hence, phagocytes such as neutrophils and macrophages express high levels of NADPH oxidase. Our IHC analysis showed intense staining, possibly from monocytes in vessels (arrow heads in Fig. 4A and A) . In addition, a characteristic arboroid structure was observed in the AD case Figure 4B and C. By the M0775 antibody (anti-microglia marker), we identified this structure as microglia ( Fig. 4D and E) . Both microglia and macrophages originate from haematopoietic stem cells. Thus, it is reasonable that microglia expresses NCF4, and that its expression is induced in the progression of pathological condition caused by the inflammation involved in AD. Indeed, we could detect activated microglia possibly involved in phagocytosis (Fig. 4B) . Hence, we conclude that in AD, NCF4 is upregulated both in pyramidal neurons and in microglia. Moreover, it is interesting to note that in the AD case (Fig. 4C) we detected a strong signal in the nucleolus, suggesting an unexpected role of NCF4 in transcriptional regulation.
There are no detailed reports about the functional roles of NAR4 and CN145 till now. The expression level of NAR4 in the AD sample was increased around 30 times compared to that of control (Table 2 ). This protein is likely to be expressed in blood cells (arrow head in Fig. 5A and B) . The AD case clearly showed an increase of NAR4 expression inside neurons (Fig. 5B) .
As described earlier, we found CAPON to be up-regulated in CA1 neuron from AD cases by MS and IHC analysis, while the Western blot analysis using CA1 sections of hippocampus suggested a decrease of CAPON expression in AD (Fig. 6) . One possible explanation for the discrepancy between the MS and IHC data and the Western blot analysis is that the neuronal expression of CAPON is up-regulated in AD, while an overall expression of CAPON in this area is decreased due to neuronal loss. These data indicate that our approach for analysis of the neuronal proteome, the combination of LCM and MS, uncovers differences that cannot be detected by bulk analysis. Because the amount of material from LCM is limited, we identify mostly proteins that are abundant in neurons. However, as the development of MS continues, it will be possible in the future to identify and quantify also low-abundant proteins from a limited amount of material.
In summary, the approach to combine LCM and MS analysis made it possible to analyse the neuron-specific proteome. Based on the improved 18 O labelling protocol we acquired a list of proteins that are differently regulated in AD, of which several are involved in neurodegeneration. To further examine the differently regulated proteins, IHC was adopted for qualitative analysis. In accordance with MS data, the proteins found to be up-regulated in AD showed intense neuronal positivity in IHC, suggesting some novel pathological events. To truly understand the pathological and quantitative alteration of the identified proteins on events in AD, further studies including functional assays will be necessary. We conclude that this approach revealed neuron-specific alterations in protein expression of importance for AD, and suggest that cell-specific proteome analysis by LCM-MS could be of general use for studies in health and disease. Please note: Wiley-Blackwell is not responsible for the content or functionality of any supporting materials supplied by the authors. Any queries (other than missing material) should be directed to the corresponding author for the article.
